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We intercalate a van der Waals heterostructure of graphene and hexagonal Boron Nitride with Au, by encapsu-
lation, and show that Au at the interface is two dimensional. A charge transfer upon current annealing indicates
redistribution of Au and induces splitting of the graphene bandstructure. The effect of in plane magnetic field
confirms that splitting is due to spin-splitting and that spin polarization is in the plane, characteristic of a Rashba
interaction with magnitude approximately 25 meV. Consistent with the presence of intrinsic interfacial electric
field we show that the splitting can be enhanced by an applied displacement field in dual gated samples. Giant
negative magnetoresistance, up to 75%, and a field induced anomalous Hall effect at magnetic fields < 1 T
are observed. These demonstrate that hybridized Au has a magnetic moment and suggests the proximity to
formation of a collective magnetic phase. These effects persist close to room temperature.
Spin orbit coupling in graphene is induced by hybridization
with heavy metals [1]. This has been achieved by intercalation
of graphene using e.g. Au, which produces a Rashba interac-
tion ∼ 100 meV [2], and Pb [3], on metallic substrates. We
intercalate Au into a heterostructure of graphene and dielec-
tric hexagonal Boron Nitride (hBN), and report spin-splitting
of the graphene bands observed in quantum oscillations on
an insulating substrate, a crucial requirement for applications.
The Rashba interaction is large (25 meV) for samples interca-
lated with 0.1 monolayers (ML) of Au, but is modulated by
modest electric fields, thereby highlighting the requirement
of hybridization with spin-split Au d-electrons [2]. We ob-
serve large negative magnetoresistance, up to 75%, indicating
Au ions form magnetic moments and an anomalous Hall ef-
fect suggests the possible formation of a collective magnetic
phase. The combination of Rashba interaction, magnetic mo-
ments and electric field control of the density, is akin to dilute
magnetic semiconductors [4], and in a Dirac material opens a
route toward electric field control of magnetism and engineer-
ing topological magnetic states such as the quantum anoma-
lous Hall effect [5, 6].
The van der Waals interaction can create an atomically
clean interface between stacked two-dimensional (2D) crys-
tals [7]; therefore, it can be considered organizing principle
for atoms or molecules at a hetero-interface [8]. Here, we
use the van der Waals interaction to cleanly intercalate Au be-
tween graphene and hBN and to induce strong hybridization
between graphene and Au. We intercalate graphene-hBN het-
erostructures by depositing 0.1-0.5 nominal ML of Au onto
freshly cleaved hBN on SiO2 in ultra high vacuum. Au dec-
orated hBN is used as the substrate onto which a separately
prepared graphene/hBN (thickness ≈ 20 nm) is transferred,
the structure is illustrated in Fig. 1a. The stack is etched and
metallic contacts are formed at the exposed edges of graphene
[9]. Following thermal annealing the heterostructure is flat
with root mean square roughness of 0.16 nm (Fig. 1b and c)
over lateral regions of several micron, this demonstrates the
absence of 3D clusters of Au at the graphene/hBN interface
(see supplementary information for additional information on
cluster formation and Au motion). We fabricate the device in
these flat regions where Raman spectroscopy measurements
show the absence of bulk strain (supplementary information).
The interaction of Au and graphene has been extensively
studied both by photoemission and transport. Graphene on
SiC intercalated with Au shows large shifts in doping (>
1013 cm−2) depending on partial or full intercalation [10],
whereas graphene intercalated on Ni remains close to the neu-
trality point [2]. In transport measurements on SiO2 quasi-
continuous Au-film growth on graphene induces weak p-
doping of−5×1011 cm−2, consistent with the lower vacuum
level of bulk Au. However, Au in a nanoparticle configuration
[11] induces n-doping +5 × 1011 cm−2 attributed to the re-
duced Au-graphene separation and lower effective potential.
Clustered Au produces local variations in the Fermi level and
scattering leading to positive linear MR [12] and an extrinsic
spin Hall effect [13, 14].
Au is always present in the samples presented here, but as
fabricated samples show longitudinal (ρxx) and Hall (ρxy) re-
sistivity characteristic of pristine graphene, shown in Fig. 1d
for 0.1 ML Au and field effect mobility 1.2 × 105 cm2/Vs;
however, the MR is negative (supplementary information).
We observe Au at the interface is mobile even at room temper-
ature (supplementary information), this suggests isolated Au
will gather into 2D clusters. To achieve the uniform Au distri-
bution which is our goal we perform a low temperature current
anneal that redistributes and then quenches the Au configura-
tion. Low temperature post-growth annealing is typical in the
synthesis of dilute magnetic semiconductors, to evenly dis-
tribute magnetic ions [15, 16].
Current annealing (see supplementary information) induces
diffusive migration of Au on graphene [17]. This shifts the
charge neutrality point by δVbg = −8.4 V making graphene
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FIG. 1. a, Schematic of the Au intercalated graphene-hBN het-
erostructure. b, optical (upper left, scale bar 5 µm) and atomic force
micrographs (scale bars 0.5 µm) of a fully encapsulated and etched
device, black boxes indicate regions in the atomic force micrographs.
c, height histogram of a 1 µm2 area of the device channel, fit to a
Gaussian with roughness = 0.16 nm. d, ρxx and ρxy against Vbg at
T = 1.2 K and B = 0 and 0.2 T, respectively, for a 0.1 ML in-
tercalated device, both as fabricated and after current annealing. e,
as fabricated and after current annealing ρxx against Vbg and B, at
T = 1.2 K for a 0.1 ML intercalation.
electron doped (Fig. 1d), the doping is eδne = CbgδVCNP,
where Cg is the gate capacitance and e is the electron charge,
giving≈ 5×1011 cm−2. Following previous studies we infer
further n-doping is due to a less clustered, more uniform dis-
tribution. After annealing the application of magnetic field B
shows that the Landau levels (LLs) are split (Fig. 1e). We note
that the mobility of Au will lead to the loss of some Au from
the channel so the final concentration is less than deposition.
Figure 2a shows the ρxx against Vbg under various B⊥. LL
formation is visible, but, integer quantum Hall effect plateaus
are visible only in ρxy . This is comparable to the case of tri-
layer graphene which has both linear and quadratically dis-
persing bands leading to a residual density of states [18].
To resolve features in the electronic structure we take the
derivative dρxx/dVbg (Fig. 2b). At positive Vbg well de-
fined LLs are clearly seen as part of a Landau fan from
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FIG. 2. a, ρxx and ρxy against Vbg for a 0.1 ML intercalated device
at T = 1.2 K, for various B⊥ (ρxx shifted by 0.01 h/e2 for clarity).
b, derivative dρxx/Vbg against Vbg and B⊥, overlaid with Landau
fan as guide to the eye. Regions at positive and negative Vbg are
magnified as indicated. c, oscillatory part of the MR against 1/B
for various Vbg. d, Fourier transform of the MR with first harmonic
peaks indicated.
Vbg= −8.15 V. At positive Vbg we show a Landau fan for
LLs with N = . . . , 2, 4, 10, . . . as a guide to the eye, corre-
sponding to the valley degeneracy of graphene. At negative
Vbg LL clearly emerge from a second Landau fan displaced
by δVbg = −6.5 V. This second fan has a pronounced asym-
metry, appearing more prominently in the valence band close
to neutrality. This asymmetry is sensitive to the concentra-
tion of Au intercalation, for 0.5 ML more pronounced splitting
was observed in the conduction band (supplementary informa-
tion). Non-dispersive features are observed e.g. at Vbg≈ 40 V,
these may arise from damage to the contacts during annealing
or extrinsic resonances [13]; however, these do not couple to
the spin dependent transport reported later.
The splitting wavevector is extracted from quantum oscilla-
tions (Fig. 2c and d) in the valence and conduction band. Clear
nodes in the oscillation are obscured by the presence of higher
harmonic oscillations and anharmonicity. Anharmonicity may
arise from spatial variations in the splitting due to variation in
the Au distribution. We extract splittings kR = 3.8±0.2×107
and 4.0± 0.2× 107 m−1 in the valence and conduction bands
respectively; yielding energy splittings 24±2 and 26±2 meV,
respectively, at EF > 100 meV from neutrality, while split-
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FIG. 3. a, ρxx against B⊥ at several Vbg, with and without B‖, at
T = 1.2 K. b, Oscillatory component of ρxx for Vbg= −30 V from
a. c, effect of external electric field on ρxy atB = 2 T, T = 4.2K for
a device with 0.5 ML intercalation. Gray lines indicate contours of
constant density in valence and conduction bands, arrow indicates di-
rection of increasing external electric field. d, cross-sections through
c. e and f, Schematic illustration of scattering processes of spin-split
electrons. g, Schematic bandstructure of graphene with Rashba in-
teraction, spin circulation anti-clockwise and clockwise indicated as
red and blue. Direction of inferred internal electric field Einternal
and appliedEexternal indicated. Expanded region indicates effect of
B‖.
ting is stronger on the valence band side closer to neutrality.
We now show the splitting is spin splitting from a Rashba in-
teraction.
Fig. 3a shows ρxx versus B⊥ at various Vbg (supplemen-
tary information for additional Vbg), with and without an ad-
ditional in plane magnetic field B‖= 1 T. Far from neutrality
there is negligible difference with and without B‖. Approach-
ing neutrality B‖ alters the MR; negative MR is enhanced and
the LL structure is significantly changed (Fig. 3b). In the split
region,−15 <Vbg< −8 V, negative MR is absent and positive
MR is enhanced.
The bandstructure of graphene with an Au induced Rashba
interaction [2, 19] is illustrated schematically in Fig. 3g for
the K valley, while spin polarizations are reversed in the K ′
valley. This identifies−15 <Vbg< −8 V as the regime where
a single spin band is occupied in each valley. Negative MR
is typical due to spin flip scattering between spin polarized
bands in materials with spin splitting, as illustrated schemati-
cally in Fig. 3e. Out of plane spin fluctuations are suppressed
under applied B⊥and cannot mediate inter-band scattering so
resistance decreases. This is consistent with the results here
showing negative MR is absent in the single band regime.
In plane magnetic will affect these local moments, but the
change in the LL spectrum indicates instead changes in elec-
tronic structure. In plane magnetic field is known to alter the
electronic structure in spin-split bands due to the effect of ei-
ther finite quantum well width [20, 21] or the Zeeman inter-
action [22] as illustrated in Fig. 3f. These typically occur in
relatively thick quantum wells or large fields and this behav-
ior is surprising in graphene which is atomically thin and in
pristine form has Lande´ g-factor ≈ 2 [23], so the Zeeman en-
ergy forB‖= 1 T is< 1 meV. We return to consider this point
later.
Approaching the neutrality point from the valence band
side negative MR decreases when B‖= 0 as the splitting
wavevector increases. Negative MR is enhanced by the appli-
cation of B‖, suggesting that B‖ decreases the separation of
spin split bands in momentum space, illustrated in Fig. 3f. In
the single band regime at -10 V the zero field resistance is not
substantially changed but the MR is significantly larger under
B⊥ for B‖=1 T. The strong positive MR in the single band
regime (Fig. 1e) may be the result of perpendicular Zeeman
interaction inducing a gap in the spectrum [24], analogously
to the exchange interaction [5]. This effect would be reduced
by disorder but enhanced when the bands are displaced under
B‖ as illustrated in the expansion.
We now consider the effect of an additional applied elec-
tric field in a second sample with Au concentration 0.5 ML
and top and bottom gates enabling the application of a dis-
placement field to the Au/graphene interface. For this sample
splitting around the neutrality was found to be more strongly
enhanced in the conduction band, but graphene is again elec-
tron doped by Au. ρxy at B = 2 T is shown in Fig. 3d at
several top gate voltages.
Au hybridized with graphene ionizes, donating charge to
graphene and inducing an electric field in the same direction.
Even for the case of pristine graphene this electric field can in-
duce spin splitting [25, 26]; however, this requires extremely
large electric fields > 10 V/nm. Fig. 3c shows that apply-
ing an external electric field the splitting can be enhanced or
reduced. When the external field is aligned with the internal
field from Au to graphene (indicated by the arrow) splitting in-
creases such that contours of constant in the hole and electron
bands are driven apart, indicated by the gray lines. Assum-
ing energy and Vbg are approximately linear in this narrow
interval we observe 25% increase in the splitting for an exter-
nal field of ≈ 0.5 V/nm−1. The relatively large effect of this
modest external electric field therefore indicates that spin or-
bit coupling is induced through spin dependent hybridization
with the strong spin orbit coupled d-band of Au deep in the
valence band of graphene [2].
We now consider the magnetic properties, Fig. 4a shows
MR at various densities. At negative density sharp kinks are
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FIG. 4. Densities N are ×1012 cm−2 a, Low field MR at various
N , T = 4.2 K, dashed lines are fits to Eqn. 1. b, ρxy at hole and
electron densities, T = 4.2K. c, ρxy after subtracting a linear normal
Hall effect component. d upper panel, Effect of B‖ on non-linear
component of Hall effect at N = −1 × 1012 cm−2. Lower panel,
effect of temperature.
visible at B = 0.11 and 0.24 T, and the MR is up to 75%. The
absence of hysteresis (supplementary information) at these
fields indicates this is not a first order transition such as ferro-
magnetism. At positive density the MR is smooth and we fit
the MR to the Khosla-Fischer expression for spin-flip scatter-
ing by local moments [27]:
∆ρ
ρ0
= −a2 ln(1 + b2H2) + c
2H2
1 + d2H2
a = A1JD(F )[S(S + 1) + 〈M2〉]
b2 =
[
1 + 4S2pi2
(2JD(F )
g
)4]( gµB
αkBT
)2
.
(1)
The first term is due to local moment scattering and the second
is the MR of a 2 band metal; a and b are functions of the mag-
netic exchange interaction J , the magnetization M , the local
magnetic moment S, the density at the Fermi levelD(F ). A1
describes the contribution of spin scattering to the MR and α
is a constant of assumed to be of order 1. Eqn. 1 fits well,
the MR increases at higher density (see supplementary infor-
mation for parameters). This implies Au acquires a magnetic
moment.
Au is magnetic in various configurations, e.g. at interfaces
where magnetism is attributed to holes in the d-band [28],
but this mechanism is unlikely to occur here where the Au
d-levels lie several eV in the valence band. S-electron mag-
netism has been predicted in bare Au clusters [29], that may
be particularly stable in 2D [30]. Experimentally magnetism
is observed in bare Au nanoclusters and ascribed to large spin-
orbit coupling and reduced coordination at surfaces [31]. We
observe negative MR in the as fabricated samples, when Au
is clustered, which is enhanced on annealing suggesting the
same mechanism may apply to moment formation here (sup-
plementary information). The moment size cannot be inde-
pendently extracted, but assuming it is ∼ 0.1 µB implies that
the graphene-Au exchange coupling is O(eV), comparable to
dilute magnetic semiconductors [4].
Fig. 4b shows ρxy measured at hole and electron densities.
After subtracting a linear term for the normal Hall effect con-
tribution to obtain δρxy = ρxy−RHB we observe sharp kinks
that are largest at hole density, reaching approximately 90 Ω at
N = −1×1012 cm−2. These features are reproduced between
forward and reverse sweeps (red curve) without hysteresis, we
attribute these to the anomalous Hall effect (AHE).
The AHE arises from either intrinsic or extrinsic mecha-
nisms. The extrinsic AHE arises due asymmetric scattering
of electrons from local moments in the presence of spin orbit
coupling. In Fig. 4d we show that the application of B‖ de-
creases the AHE contribution. The decrease in the AHE un-
der B‖ contrasts with the enhancement of negative MR by
B‖(Fig. 3b); the decrease in δρxy when spin flip scattering is
enhanced indicates an intrinsic origin of the AHE. This AHE
survives close to room temperature.
Further work is required to characterize the magnetic be-
havior, but we speculate the AHE may occur due to chiral
or topological magnetic defects that tend to favored by the
Dzyaloshinskii-Moriya interaction when inversion symmetry
is broken, such as here. We note the similarity of the transport
signatures observed here and those in topological magnetic
phases such as MnSi under pressure [32] and magnetic topo-
logical insulators [33].
Finally we return to the large in-plane field effect on the
electronic structure that is most pronounced at low density,
close to the single band regime. Spin splitting in graphene oc-
curs due to spin dependent hybridization with Au d-orbitals;
this spin-orbit coupling also drives the formation of local mo-
ments implying these phenomena are strongly coupled. Close
to the single band regime, where signatures of collective mag-
netism appear, the in-plane susceptibility of the electron gas
is strongly enhanced [34]. This is likely to influence the mag-
netic state of the Au ions and thereby the spin splitting of
graphene. This effect may also be related to magnetoelectric
effects proposed by Zhang et al. [6].
To summarize we have demonstrated electronic hy-
bridization between graphene and Au in an intercalated
5graphene/hBN heterostructure. The observation of spin split
LLs and the electric field effect demonstrates a Rashba in-
teraction of approximately 25 meV, while negative MR and
a large AHE suggest the proximity to a collective magnetic
phase. Our results show that graphene hybridized with Au
may be a platform for the electric field control of interactions
between magnetic moments, and could satisfy the proposed
requirements to create topological magnetic phases [6]. Fur-
ther work is required to fully elucidate the magnetic interac-
tions and enhance the size of these effects with other interca-
lation species.
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